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57 ABSTRACT 

A blood pressure monitoring apparatus which reduces the 
effects of respiration artifacts in the blood pressure samples 
prior to display by determining, for each heartbeat detected 
in the blood pressure samples, the blood pressure at a 
median point of a line connecting a systolic, diastolic, or 
mean value for a current heart beat with a corresponding 
Systolic. diastolic. or mean value for a heartbeat N-1 heart 
beats prior to the current heart beat. The median blood 
pressure value for the current heart beat is then averaged 
with the blood pressure values of the median points of 
numerous previous heartbeats to the current heartbeat, and 
the resulting average is output to the display as indicative of 
the systolic, diastolic, or mean pressure for the current heart 
beat. This process is repeated for each heartbeat, as desired, 
until the systolic, diastolic, and mean pressures are deter 
mined for each heart beat. The method is advantageous in 
that it favors stable parts of the blood pressure waveform 
(end expiratory portions) yet actively smooths the variable 
parts of the blood pressure waveform. 

18 Claims, 4 Drawing Sheets 
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5.752,919 
1. 

MTGATON OF RESPRATORY ARTIFACT 
N BLOOD PRESSURE SIGNAL USING LINE 

SEGMENT SMOOTHING 

FIELD OF THE INVENTION 

This invention relates to automated blood pressure 
monitoring, and more particularly, to techniques for pro 
cessing the blood pressure signals obtained by such auto 
mated blood pressure monitors so as to minimize the effects 
of respiratory artifacts. 

BACKGROUND OF THE INVENTION 
During operations, a patient's blood pressure is com 

monly monitored using invasive or noninvasive blood pres 
sure monitors having transducers attached to the patient. 
Unfortunately, some blood pressure transducer sites on the 
patient's body present a signal which is considerably 
affected by artifacts resulting from the mechanics of the 
breathing of the patient. This artifact generally appears as a 
low frequency rise and fall as the patient inhales and 
exhales, respectively. The blood pressure signal is modu 
lated by this rise and fall and is thus superimposed upon a 
“wandering baseline" type artifact. Since the blood pressure 
transducer sites which exhibit this artifact also often provide 
very low magnitude signals, the effect of this artifact may be 
clinically significant if not removed. The determination of 
the true blood pressure value in the presence of respiratory 
artifacts is further complicated by the fact that the increase 
and decrease effects are reversed when the patient is being 
mechanically ventilated, as opposed to breathing spontane 
ously. 
The effect of the respiratory artifact has been described in 

some detail by Ellis in an article entitled "Interpretation of 
Beat-To-Beat Blood Pressure Values in the Presence of 
Ventilatory Changes." Journal of Clinical Monitoring, Vol. 
1. No. 1. January, 1985, pages 65–70. As noted by Ellis, only 
during the "end expiratory" portion of the blood pressure 
signal (neither inhaling nor exhaling) is the blood pressure 
value actually representative of the actual blood pressure, 
which is, of course, due to the absence of the respiratory 
artifact. Ellis further describes an algorithm for selecting 
values that appear physiologically useful from blood pres 
sure waveforms that vary with ventilation. In particular, Ellis 
proposes to minimize the effects of ventilation on the blood 
pressure determination by using a "weighted average" 
method of eliminating the respiratory artifact. In Ellis' 
method, each heart beat's mean value is compared to the 
mean value of the previous heart beat, and the relative 
amount of difference between the two is used as a weighting 
factor in a moving average. If the difference is small, as at 
the end expiratory portion, the instantaneous value is 
weighted heavily into the average, and if the difference is 
large, as during inhalation, the instantaneous value is 
weighted lightly into the average. The weighting value can 
thus change for every heartbeat. 

Because the heartbeats are weighted so that the filtered, 
displayed value corresponds to the average of end 
expiratory heart beats, the simple averaging method dis 
closed by Ellis may be effective at reducing respiratory 
artifacts to those present at the end expiratory portion of the 
ventilation cycle. However, such a technique is limited in 
that the length of the data buffers and the relative size of the 
weighting factors are not easily made dynamic enough to 
compensate for sudden changes in blood pressure. 

Other common techniques for minimizing the respiratory 
artifact, such as averaging a buffer of a number of the 
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2 
previous heart beat values, is also undesirable since it is 
relatively unresponsive to sudden changes in pressure in that 
an abrupt and persistent change in pressure needs to ripple 
all the way through a large averaging buffer before it can be 
ScC. 

It is, accordingly, a primary object of the present invention 
to mitigate the effects of the respiratory artifact in a blood 
pressure signal by favoring the stable parts of the blood 
pressure waveform yet providing a technique for active 
smoothing of the blood pressure waveform. The present 
invention has been designed for this purpose. 

SUMMARY OF THE INVENTION 

The above objects have been met in accordance with the 
present invention by providing a blood pressure monitoring 
apparatus which reduces the effects of respiration artifacts in 
the blood pressure samples prior to display by determining, 
for each heart beat detected in the blood pressure samples, 
the blood pressure at a median point of a line connecting a 
systolic, diastolic. or mean value for a current heartbeat with 
a corresponding systolic, diastolic, or mean value for a heart 
beat N-1 heart beats prior to the current heart beat. The 
median blood pressure value for the current heartbeat is then 
averaged with the blood pressure values of the median 
points of, for example, the 2N heart beats immediately 
previous to the current heartbeat, and the resulting average 
is output to the display as indicative of the systolic, diastolic, 
or mean pressure for the current heartbeat. This process is 
repeated for each heart beat, as desired. until the systolic, 
diastolic, and mean pressures are determined for each heart 
beat. 

Apreferred embodiment of the blood pressure monitoring 
apparatus of the invention comprises one or more pressure 
transducers which sense a patient's blood pressure and 
output a blood pressure signal, an A/D converter which 
samples the blood pressure signal and outputs blood pres 
sure samples, a microprocessor which includes software for 
processing the blood pressure samples to determine blood 
pressure characteristic values, such as systolic, diastolic, and 
mean blood pressures, representative of a patient's blood 
pressure. a display buffer which stores the blood pressure 
characteristic values for the current heartbeat, and a display 
monitor which displays the blood pressure characteristic 
values stored in the display buffer as indicative of the 
patient's blood pressure. In accordance with the invention, 
the microprocessor includes respiration artifact reduction 
software which reduces respiratory artifacts in the blood 
pressure samples by determining for each heart beat 
detected in the blood pressure samples, the blood pressure at 
a median point of a line connecting a blood pressure 
characteristic value for a current heart beat with a corre 
sponding blood pressure characteristic value for a heartbeat 
N-1 heartbeats prior to the current heartbeat. The value of 
the blood pressure of the median point determined by the 
microprocessor is then stored in the display buffer as the 
display value for the processed systolic, diastolic, or mean 
blood pressure value. 

Preferably, the respiration artifact reduction software fur 
ther averages the blood pressure value of the median point 
for the current heart beat with the blood pressure values of 
the median points of, for example, 2N heart beats immedi 
ately previous to the current heart beat and stores the 
resulting average in the display buffer as the blood pressure 
characteristic value (systolic, diastolic, or mean blood pres 
sure value) for the current heart beat. Also, as desired, the 
apparatus may also include a blood pressure sample aver 
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aging device which averages adjacent blood pressure 
samples prior to application of the blood pressure samples to 
the microprocessor for processing. 
The scope of the invention also includes a method of 

determining a patient's blood pressure by performing the 
steps of: 

applying at least one transducer to the patient so as to 
sense the patient's blood pressure and outputting a blood 
pressure signal; 

sampling the blood pressure signal and outputting blood 
pressure samples; 

processing the blood pressure samples to determine blood 
pressure characteristic values, such as systolic, diastolic. and 
mean blood pressure values, representative of the patient's 
blood pressure. the processing step including the steps of 
detecting the patient's heart beat from the blood pressure 
samples, reducing respiratory artifacts in the blood pressure 
samples by determining for each heartbeat detected in the 
blood pressure samples, the blood pressure at a median point 
of a line connecting a blood pressure characteristic value for 
a current heart beat with a corresponding blood pressure 
characteristic value for a heartbeat N-1 heartbeats prior to 
the current heart beat, and storing a value of the blood 
pressure of the median point as the blood pressure charac 
teristic value for the current heart beat; and 

displaying the blood pressure characteristic values deter 
mined in the processing step as indicative of the patient's 
blood pressure. 

Preferably, the processing step includes the additional 
steps of averaging the blood pressure value of the median 
point for the current heart beat with the blood pressure 
values of the median points of, for example, the 2N heart 
beats immediately previous to the current heart beat and 
storing the resulting average as the blood pressure charac 
teristic value for the current heart beat. The processing step 
also includes the steps of identifying heartbeats in the blood 
pressure samples and determining the systolic, diastolic, and 
mean pressures for each heart beat. Also, if desired, the 
method of the invention may also include the step of 
averaging adjacent blood pressure samples prior to process 
ing in the processing step, 
The method of the invention is advantageous in that it 

favors stable parts of the blood pressure waveform (end 
expiratory portions) yet actively smooths the variable parts 
of the blood pressure waveform. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The present invention will be better understood after 

reading the following detailed description of the presently 
preferred embodiments thereof with reference to the 
appended drawing in which: 

FIG. 1 is a simplified block diagram of a blood pressure 
monitoring device in accordance with the invention. 

FIG. 2 illustrates the processing performed by heart beat 
processor 18 of FIG. 1. 

FIG. 3 illustrates a simplified flow chart of the respiratory 
artifact reduction algorithm in accordance with the inven 
tion. 

FIGS. 4(a)-(4c) together illustrate the technique for deter 
mining median point within a moving sample window in 
accordance with the invention. 

DETAILED DESCRIPTION OF THE 
PRESENTLY PREFERRED EMBODIMENT 

A system and method which meets the above-mentioned 
objects and provides other beneficial features in accordance 
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4 
with the presently preferred exemplary embodiment of the 
invention will be described below with reference to FIGS. 
1-4. Those skilled in the art will readily appreciate that the 
description given herein with respect to those figures is for 
explanatory purposes only and is not intended in any way to 
limit the scope of the invention. All questions regarding the 
scope of the invention should be resolved by referring to the 
appended claims. 
A simplified block diagram of a blood pressure monitor 

ing device 10 in accordance with the invention is illustrated 
in FIG. 1. As shown, blood pressure monitoring device 10 
includes one or more standard blood pressure transducers 
and preamplifiers 12 which provide analog signals repre 
sentative of the patient's blood pressure in a conventional 
manner. The blood pressure transducers are typically inva 
sive blood pressure transducers placed on the patient's body 
or within the patient's bloodstream, although the blood 
pressure transducers may also be associated with the pneu 
matic cuff of a noninvasive blood pressure monitoring 
device. The blood pressure signals provided by blood pres 
sure transducers and preamplifiers 12 are sampled and 
digitized by an A/D converter 14 in a conventional manner. 
In a presently preferred embodiment, the blood pressure 
signals are sampled by A/D converter 14 at 400 Hz to 
provide 12-bit digital representations of the blood pressure 
signals at the respective sampling intervals. Then, as desired, 
every two adjacent samples may be averaged by sample 
averager 16 so that an effective 200 Hz, digital stream 
representative of the blood pressure signals is provided to 
the heart beat processor 18 for processing. As will be 
explained in more detail below, heartbeat processor 18 is a 
microprocessor with application software for processing the 
blood pressure data to determine, inter alia, the patient's 
systolic, diastolic, and mean blood pressure for each heart 
beat. These values are typically stored in a display buffer 19 
and provided to a blood pressure display monitor 20 for 
evaluation by the patient's diagnostician. 

FIG. 2 illustrates in simplified form the blood pressure 
data processing software implemented on heartbeat proces 
sor 18 of FIG. 1. As illustrated, the blood pressure data 
samples provided by A/D converter 14 or sample averager 
16 are read into the blood pressure data processing software 
at step 22. The blood pressure waveform data is then filtered 
at step 24 in a conventional manner to remove noise 
(spikes), notches. and artifacts caused by patient movement 
and the like. Then, at step 26, the filtered blood pressure 
waveform data is processed using conventional threshold 
methods to find the patient's heart beats. By filtering the 
blood pressure waveform prior to threshold heart beat 
detection, the notches and noise are not confused for heart 
beats. If a heart beat is found, the maximum pressure 
(systolic), minimum pressure (diastolic), and mean pressure 
(mean) is determined from the unfiltered (raw data) stream 
and accumulated for each detected heart beat while the 
threshold analysis is being performed. However, if no heart 
beat is found, then at step 28 additional blood pressure 
samples are read into the blood pressure data processing 
software. If a heartbeat is found, the systolic, diastolic, and 
mean pressures determined in step 26 are output at step 30 
to a respiratory artifact reduction algorithm (FIG. 3) for 
processing at step 32 in accordance with the techniques of 
the invention. The corrected data output by the respiratory 
artifact reduction algorithm of the invention is then output 
ted to display buffer 19 at step 34 for display on blood 
pressure display monitor 20. If data processing is completed, 
the routine is exited at step 38; otherwise. additional blood 
pressure samples are read in at step 22 and the processing 
repeated. 
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FIG. 3 illustrates a simplified flow chart of the respiratory 
artifact reduction algorithm in accordance with the inven 
tion. The respiratory artifact software in accordance with the 
invention receives the systolic, diastolic, and mean pressure 
values from the blood pressure data processing software 
and, as necessary, processes this data at step 40. Then, at step 
42, for each of the three derived blood pressure parameters 
(systolic. diastolic, and mean pressures), a moving window 
of a small number (N) of the most recent instantaneous heart 
beat values is maintained on the parameter data. In the 
sample embodiment described herein, N is 5, and the heart 
beats are labeled 0-4, where heartbeat 4 is the current heart 
beat. Of course. N may be any number, and N=5 is chosen 
based on considerations such as processing power and the 
like. Next, at step 44, an imaginary line segment is drawn 
between the end points of what would be the graphical 
representation of the N heart beat values on a display axis. 
For example, as illustrated in FIG. 4(a), where the time axis 
is the x coordinate and the blood pressure value for the 
parameter is the y axis, each heartbeat value is assigned an 
x value of 0-4, where the corresponding y value is the 
parameter value for the corresponding heartbeat. As shown 
in FIG. 4(a), a line segment of slope m is drawn across the 
endpoints (values for x=N and x=N-4) of that portion of the 
waveform polynomial which describes the instantaneous 
heart beat parameter values. In the example of FIG. 4, the 
line segment connects the systolic values, although the same 
waveform may be used to draw a line segment connecting 
the diastolic or mean values in accordance with the inven 
tion. 
At step 46, the slope m (rise over run) and y-intercept of 

the line segment connecting the parameter values for x=N 
and X=N-4 are calculated. The processing is quite simple, 
particularly since the y-intercept may be defined as the 
instantaneous heartbeat parameter value in window position 
x=N-4 (x=0). Next, at step 48, the “y” (parameter) value for 
the median x value of the line segment (for N=5 and x=0-4, 
the median X would be 2) is then calculated according to the 
equation y=mx+b=2m+y, where x=2 and n is calculated 
in step 46. The resulting median y value is then put into an 
averaging buffer which, in a preferred embodiment, is at 
least twice as large as the size of the window. Hence, the 
averaging buffer contains at least the 2N most recent cal 
culated median values, which, for N=5 in the illustrated 
embodiment, would be the 10 most recent calculated median 
values. Then, at step 50, these 2N median values are 
averaged with the current y median value, and the resulting 
y median value is outputted to display buffer 19 for display 
as the current filtered parameter value for the current heart 
beat. If it is determined at step 52 that additional heartbeat 
data is to be processed, on the next heartbeat detection the 
new heartbeat data is read in and the oldest heart beat data 
is dropped, thereby incrementing the window position by 
one heartbeat at step 53 as respectively shown in FIGS. 4(b) 
and 4(c). The processing of steps 42-52 is then repeated for 
the new window of data, and the newly calculated median 
heartbeat value is put into the averaging buffer, dropping the 
oldest calculated median heartbeat value. Each successive 
heart beat is processed in this manner. 
The processing of FIG.3 may be performed successively 

for each of the other parameter values (systolic, diastolic, or 
mean) not already processed during the current heartbeat, 
or, on the other hand, the processing of each of the param 
eters could be performed in parallel. The respiratory artifact 
reduction software is then exited at step 54. 
Those skilled in the art will appreciate that the filtering 

method of the invention is more responsive to sudden 

10 

15 

25 

35 

45 

50 

55 

6 
changes in pressure than a straight average would be. In fact, 
the values stored in the averaging buffer are directly related 
to the changes in the waveform, so the waveform follows 
any true physiological trends in the blood pressure data 
rather quickly. In addition, the process of the invention 
Smooths out both noise values and the respiratory baseline 
variations, while further emphasizing and preserving the flat 
end expiratory portions of the blood pressure waveform. 
Those skilled in the art will appreciate that the respiratory 

artifact reduction technique in accordance with the invention 
is better than a large moving straight average window on the 
heartbeat values in that it favors the heartbeats on the flat 
portions of the waveform that are unaffected by the artifact, 
and yet is responsive to true physiological changes in 
pressure. An abrupt and persistent change in pressure does 
not need to ripple all the way through a large averaging 
buffer before it can be seen. Moreover, the technique of the 
invention eliminates concerns about how to size the aver 
aging buffer relative to the variability of both the breath rate 
and heart rate, since the median averaging process of the 
invention does the initial smoothing on the variable part of 
the response. Since the method of the invention favors the 
stable parts of the blood pressure waveform while actively 
smoothing the variable parts of the waveform, it is more 
responsive than the prior art Ellis method described above. 

It will be appreciated by those skilled in the art that the 
foregoing has set forth the presently preferred embodiment 
of the invention and an illustrative embodiment of the 
invention but that numerous alternative embodiments are 
possible without departing from the novel teachings of the 
invention. For example, those skilled in the art will appre 
ciate that the techniques of the invention may be used with 
invasive blood pressure monitors as well as noninvasive 
blood pressure monitors of the type described, for example, 
in U.S. Pat. Nos. 4349,034 and 4,360,029. All such modi 
fications are intended to be included within the scope of the 
appended claims. 

I claim: 
1. A blood pressure monitoring apparatus, comprising: 
at least one pressure transducer which senses a patient's 

blood pressure and outputs a blood pressure signal; 
an A/D converter which samples said blood pressure 

signal and outputs blood pressure samples; 
a microprocessor which processes said blood pressure 

samples to determine blood pressure characteristic val 
ues representative of a patient's blood pressure, said 
microprocessor including respiration artifact reduction 
software which reduces respiratory artifacts in said 
blood pressure samples by determining, for each heart 
beat detected in said blood pressure samples, the blood 
pressure at a median point of a line connecting a blood 
pressure characteristic value for a current heart beat 
with a corresponding blood pressure characteristic 
value for a heartbeat a predetermined number of heart 
beats prior to said current heart beat; 

a display buffer which stores a value of the blood pressure 
of said median point determined by said microproces 
sor as the blood pressure characteristic value for the 
current heartbeat; and 

a display monitor which displays the blood pressure 
characteristic values stored in said display buffer as 
indicative of the patient's blood pressure. 

2. An apparatus as in claim 1, wherein said respiration 
artifact reduction software further averages the blood pres 
sure value of the median point for the current heartbeat with 
the blood pressure values of the median points of a number 
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of heart beats immediately previous to said current heart 
beat and stores a resulting average in said display buffer as 
the blood pressure characteristic value for the current heart 
beat. 

3. An apparatus as in claim2, wherein said blood pressure 
characteristic values represent at least one of the systolic 
blood pressure, diastolic blood pressure. and mean blood 
pressure for each heart beat of the patient. 

4. An apparatus as in claim 3, wherein said respiratory 
artifact reduction software determines the median points for 
the systolic blood pressure, diastolic blood pressure, and 
mean blood pressure for the current heart beat of the patient 
and stores in said display buffer the respective values of the 
blood pressures of said median points as respectively indica 
tive of said systolic blood pressure, said diastolic blood 
pressure, and said mean blood pressure for the current heart 
beat. 

5. An apparatus as in claim 3, wherein said microproces 
sor further includes heart beat detection software which 
identifies heart beats in said blood pressure samples and 
determines the systolic. diastolic. and mean pressures for 
each heart beat. 

6. An apparatus as in claim 1 further comprising a blood 
pressure sample averaging device which averages adjacent 
blood pressure samples prior to application of said blood 
pressure samples to said microprocessor for processing. 

7. A blood pressure monitoring apparatus, comprising: 
means for sensing a patient's blood pressure and output 

ting a blood pressure signal; 
means for sampling said blood pressure signal and out 

putting blood pressure samples; 
means for processing said blood pressure samples to 

determine blood pressure characteristic values repre 
sentative of a patient's blood pressure, said processing 
means including means for reducing respiratory arti 
facts in said blood pressure samples by determining, for 
each heartbeat detected in said blood pressure samples. 
the blood pressure at a median point of a line connect 
ing a blood pressure characteristic value for a current 
heart beat with a corresponding blood pressure char 
acteristic value for a heartbeat a predetermined number 
of heart beats prior to said current heart beat, and for 
storing a value of the blood pressure of said median 
point as the blood pressure characteristic value for the 
current heart beat; and 

display means for displaying the blood pressure charac 
teristic values determined by said processing means as 
indicative of the patient's blood pressure. 

8. An apparatus as in claim 7, wherein said processing 
means further comprises means for averaging the blood 
pressure value of the median point for the current heartbeat 
with the blood pressure values of the median points of a 
number of heartbeats immediately previous to said current 
heart beat and for storing a resulting average as the blood 
pressure characteristic value for the current heartbeat. 

9. An apparatus as in claim 8, wherein said blood pressure 
characteristic values represent at least one of the systolic 
blood pressure, diastolic blood pressure, and mean blood 
pressure for each heartbeat of the patient. 

10. An apparatus as in claim 9, wherein said processing 
means includes means for determining the median points for 
the systolic blood pressure, diastolic blood pressure, and 
mean blood pressure for the current heartbeat of the patient 
and for storing the respective values of the blood pressures 
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8 
of said median points as respectively indicative of said 
systolic blood pressure, said diastolic blood pressure, and 
said mean blood pressure for the current heart beat. 

11. An apparatus as in claim 9, wherein said processing 
means further includes means for identifying heart beats in 
said blood pressure samples and for determining the 
systolic. diastolic, and mean pressures for each heart beat. 

12. An apparatus as in claim 7 further comprising aver 
aging means for averaging adjacent blood pressure samples 
prior to application of said blood pressure samples to said 
processing means for processing. 

13. A method of determining a patient's blood pressure. 
comprising the steps of: 

applying at least one transducer to the patient so as to 
sense the patient's blood pressure and outputting a 
blood pressure signal; 

sampling the blood pressure signal and outputting blood 
pressure samples; 

processing the blood pressure samples to determine blood 
pressure characteristic values representative of the 
patient's blood pressure, said processing step including 
the steps of detecting the patient's heartbeat from said 
blood pressure samples, reducing respiratory artifacts 
in said blood pressure samples by determining, for each 
heartbeat detected in said blood pressure samples, the 
blood pressure at a median point of a line connecting a 
blood pressure characteristic value for a current heart 
beat with a corresponding blood pressure characteristic 
value for a heartbeat a predetermined number of heart 
beats prior to said current heartbeat. and storing a value 
of the blood pressure of said median point as the blood 
pressure characteristic value for the current heartbeat; 
and 

displaying the blood pressure characteristic values deter 
mined in said processing step as indicative of the 
patient's blood pressure. 

14. A method as in claim 13. wherein said processing step 
includes the additional steps of averaging the blood pressure 
value of the median point for the current heartbeat with the 
blood pressure values of the median points of a number of 
heart beats immediately previous to said current heart beat 
and storing a resulting average as the blood pressure char 
acteristic value for the current heart beat. 

15. A method as in claim 14, wherein said blood pressure 
characteristic values represent at least one of the systolic 
blood pressure, diastolic blood pressure, and mean blood 
pressure for each heartbeat of the patient. 

16. A method as in claim 15, wherein said processing step 
includes the steps of determining the median points for the 
systolic blood pressure, diastolic blood pressure, and mean 
blood pressure for the current heartbeat of the patient and 
storing the respective values of the blood pressures of said 
median points as respectively indicative of said systolic 
blood pressure, said diastolic blood pressure, and said mean 
blood pressure for the current heart beat. 

17. A method as in claim 15, wherein said processing step 
includes the steps of identifying heart beats in said blood 
pressure samples and determining the systolic, diastolic, and 
mean pressures for each heartbeat. 

18. An apparatus as in claim 13, further comprising the 
step of averaging adjacent blood pressure samples prior to 
processing in said processing step. 
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